Cavitation erosion causes serious problems for hydraulic machinery. Selective laser melting (SLM), is a type of additive manufacturing that can produce metal parts directly and it has begun to be used in various industrial settings. However, the erosion properties of the SLM processed parts have only rarely been reported. The paper addresses the cavitation erosion behavior of AlSi10Mg samples fabricated by SLM at different laser scanning speeds. A wrought sample was also tested to provide a basis for comparison. Sample hardness and microstructure were investigated. Results showed the cavitation erosion behaviors of SLM samples to differ greatly from that of the wrought sample. The erosion rate of SLM samples was found to peak in the first 30 s. This was accompanied by the removal of particles inside pores. After peaking, the erosion rate of the SLM samples decreased significantly. SLM samples showed an extremely low erosion rate entering the steady-state period. Large, deep craters which were common wear marks on the wrought sample, were not present on the SLM samples. Different scanning speeds resulted in different max erosion rates.
Introduction
Cavitation is the explosive growth and intense collapse of bubble nuclei in liquid exposed to large pressure variations [1] . Cavitation erosion can reduce the performance of components and shorten lifetime owing to failure, particularly in hydraulic machinery, such as pumps and valves. There are two main sources of cavitation, both of which are caused by a vibratory machine or the use of a high-speed water jet. The details can be found according to two international standard erosion tests ASTM G32 and ASTM G134. Many studies have focused on factors influencing cavitation erosion resistance, such as material properties [2] [3] [4] [5] , flow velocity [2] , cavitation intensity [3] , nozzle geometry [4] , fluid media [6] , water temperature [7] , and surface topography [8, 9] . In addition, some studies have focused on the mechanisms of cavitation erosion caused damage [10] [11] [12] and on tracking the progress of damage over cavitation time [13] [14] [15] .
Selective laser melting (SLM) is one type of additive manufacturing (AM) technology. It is based on a laser beam scanning various layers of deposited metal powder according to the sliced CAD model and selectively melting the metal powder under controlled conditions. A review of the SLM technology including machine characteristics and material microstructure was published by Uriondo et al. [16] .
AlSi10Mg alloys are widely used for their good weldability, hardenability, and excellent corrosion resistance. Due to the unique layer-by-layer process of SLM, the microstructure and mechanical properties of the parts differed considerably from conventional casting or forging. Thijs et al. [17] investigated the AlSi10Mg parts produced by various scanning strategies and found a very fine microstructure with submicron-sized cells leading to high hardness due to the high thermal gradient that occurred during SLM process. In addition, a characteristic morphological and crystallographic texture was present due to the unique solidification conditions and the additive character of the process.
Similarly, Manfredi et al. [18] evaluated the microstructural and mechanical properties of SLM processed AlSi10Mg and found SLM parts had far higher yield strength than as-cast parts. A very fine cellular-dendritic structure was also reported. Kempen et al. [19] concluded that the mechanical properties of SLM processed AlSi10Mg were comparable or even greater than those of cast components including tensile strength, elongation, impact toughness, and hardness. Read et al. [20] compared SLM parts produced under different sets of parameters and optimum process parameters were identified.
Brandl et al. [21] evaluated the fatigue performance of the SLM parts and found the fatigue resistance was high in SLM samples. The post heat treatment had the most considerable effect and the building direction had the least considerable effect on the fatigue resistance.
However, the manner in which the unique microstructure and mechanical properties caused by the SLM 3 process affect the cavitation erosion has not been investigated. Cottam et al. [11] performed a cavitation erosion test comparing two types of laser surface treatments on nickel-aluminum bronze, laser surface melting, and laser processing. Results showed that the tensile residue stresses in the laser melted sample weakened the sample, though it was still stronger than the laser processed sample. Nevertheless, SLM, which is a manufacturing process, is different from laser surface melting, which is a surface treatment.
The laser scanning strategy is more complex during SLM than other processes and the deforming behaviors of the SLM parts are notably different.
In this study, cavitation erosion tests were performed on AlSi10Mg parts that had been processed by SLM at different scanning speeds. A wrought sample was also tested in order to provide a basis for comparison. Microstructures were examined, and the changes in surface topography on the same area during cavitation erosion were recorded. The cavitation erosion behaviors of the SLM parts were very different from the wrought AlSi10Mg sample. The mechanism of the damage on the eroded surface was discussed.
Experimental details

SLM process
Fig. 1
Schematic of the SLM system [19] SLM was performed using a Concept Laser M2 cusing laser melting unit comprised of a 400 W ytterbium fiber laser, an automatic powder layering system, a gas protection system, and a process control system. The laser operated with a 50 μm focused beam diameter. A schematic of the SLM system is shown in Fig. 1 . The laser power applied for all three SLM parts was 370 W while the scanning speeds had three levels. A standard scanning speed (1300 mm/s) was applied to sample A; 0.4× standard scanning speed (520 mm/s) was applied to sample B, and 2× standard scanning speed (2600 mm/s) was applied to sample C. The sealed working chamber was fed with high-purity argon, and the oxygen content was reducible to below 100 ppm. Each powder layer was scanned by the laser to build up the sample according to a predefined CAD model. The AlSi10Mg powders were spherical in shape, having diameters distributed in the range of 20 μm to 60 μm with an average particle diameter of 30 μm.
Sample preparation and material characterization
All SLM and wrought samples (sample D) had a dimension of 20 mm × 20 mm × 10 mm, and the composition of the samples is listed in Table. 1. The SLM samples were not subjected to any heat treatments. In order to eliminate the influence of the surface topography on cavitation erosion, all samples were polished with Ra = 0.05 μm before the experiment.
The densities of the SLM samples and wrought sample were measured based on Archimedes' principle.
The macro-hardness of each sample was measured using a Vickers hardness tester with a 200 g load.
Mean values were obtained from six measurements conducted on a single sample. The nano-hardness was measured using a Keysight Nano Indenter G200, which involved using a Berkovich indenter with a tip radius of 20 nm. Material phase identification was performed by x-ray diffraction (XRD).
Metallographic examination was performed using optical microscopy and scanning electron microscopy (SEM) on polished and etched cross sections. The surface topography was observed using confocal laser scanning microscopy (CLSM; VK-150 Keyence Corp.) which features the acquisition of in-focus images from selected depths, which is called optical sectioning. 
Test rig and test procedure
The cavitation erosion test was conducted on a rig designed according to the ASTM G134 standard. The test setup is shown schematically in Fig. 2 , and an image of the rig is also showed. The water is pressurized by a pump and injected through a nozzle into the test section which is filled with water. The sample is fixed by clamps mounted on a platform, which is set perpendicular to the nozzle. The distance between the nozzle and the sample is adjusted using screws in order to determine the stand-off distance, shown in Fig. 2 (b) . The rig employs a standard ASTM G134 nozzle [3] . Tap water maintains at a temperature of 20 ± 2ºC served as the test liquid. The pressure of the water pump is set to 16 MPa.
In cavitation erosion tests, the distance between the tip of the nozzle and sample surface is crucial. The optimum stand-off distance is the position where the amount of mass lost peaks [2] . Therefore, a preliminary test was conducted using pure aluminum to determine the optimum stand-off distance at a flow velocity of 147 m/s. Fig. 3 shows the relationship between the stand-off distance and the mass loss of samples after 20 min of cavitation erosion testing. It can be easily determined that the optimum stand-off distance used for the current test set-up was 18 mm. The samples were subjected to cavitation erosion testing for predetermined periods and the weight lost was recorded after ultrasonic cleaning with acetone for 10 min. Each test was repeated once. In order to track the changes in surface topography and surface damage due to cavitation erosion, an area of 1000 μm × 1394 μm was continuously measured using CLSM. Measurement intervals are shown in Fig. 8 .
Different intervals were used for the SLM and wrought samples since samples manufactured by different processes have very different cavitation erosion behaviors. The mass loss of the specimen was recorded using an analytical balance with a 0.1 mg resolution. Each sample was weighed 6 times.
Results
Material characteristics
The CLSM graphs of the cross sections of 4 samples are shown in Fig Table 2 . Sample A shows the highest density of the three SLM samples. The ranking of the densities of the three SLM samples is consistent with the cross-section observation. The difference in hardness between SLM samples is small. The hardness of the wrought sample is similar to the sample made using high pressure die casting F [19] . The high hardness of the SLM samples results from the fine grains due to rapid cooling and heating rate [18, 22] .
The SEM graphs of samples are shown in Fig. 5 . Very fine cellular-dendritic structures are found on three SLM samples, which differ greatly from sample D. More silicon particles can be observed from SLM samples than the wrought sample. The structure of the SLM samples features primary Al (dark shading) and fibrous Si particles (bright). The observation is in line with results published in [17] [18] [19] 27] .
The grains are less than 1 μm in size, which vary only slightly among three SLM samples. Results have
shown that the network of structures is broken at some places. This is because that the heat is not very uniformly diffused during laser scanning. This causes the microstructures of the SLM-built samples to be different in different parts of the sample. The results of XRD analysis are shown in Fig. 6 . Aluminum peaks are strong for all samples, though the SLM samples shows more silicon peaks than the wrought sample. This indicates that more silicon has been precipitated from the aluminum matrix, which is consistent with SEM observations. The mass loss curve of the wrought sample is consistent with the finding of a previous study [9] , which differs from the SLM samples. The mass loss rate curve is often used to characterize erosion behaviors of various materials. The curves of mass loss rate here are derived from the cumulative mass loss curve. dm dt is the mass lost during each measurement interval (mt-1-mt) divided by the time interval Δt. It is commonly accepted that material erosion progresses through the following stages: incubation period; acceleration period; deceleration period; and steady-state period [1] . Fig. 8 shows the mass loss rates of 4 samples. Similarly, three SLM samples show curves with a similar pattern while the wrought sample has a different curve. During the first 30 s, the mass loss rate of SLM samples peaks and no incubation period is observed. After peaking, the rate reduces greatly, which can be recognized as the deceleration period. After 10 min, the mass loss rates of all SLM samples are less than 1/20 of the peak value. The mass loss rate in the steady-state period is extremely low (below 0.01 mg/min). The influence of the scanning speeds is observed on the peak value of the mass loss rate and the duration of the deceleration period ( Table 3 to facilitate better comparison among 4 samples. 
Mass loss of cavitation erosion
Surface topography
The changes in the surface topography of the same area on sample D are shown in Fig. 9 . During the first 90 s, the number of small voids greatly increases with actual mass loss. After 20 min of testing, the surface is thoroughly damaged and becomes very rough. After 70 min of erosion testing, small craters start to connect, becoming large craters (Fig. 10c) . At 100 min, a deep crater forms as shown in Fig. 10b . Fig. 10a shows that the crater has become very deep.
The changes in the surface topography of the same area on sample C are shown in Fig. 11 . Comparing the surface topography after 30 s of testing (Fig, 11b ) to the original state ( Fig. 11a ), the number of voids is greatly increased which is similar to sample D. However, some particles that have been inside the voids at the original state are no longer detectable after 30 s of erosion testing, which are marked with red circles in Figs. 11a and 11b . This phenomenon is not observed in sample D, which is believed to be the main reason for the extremely high erosion rate of SLM samples that is initially observed.
After that, the number of voids increases slightly. Plastic deformation greatly effects the change of the surface topography. However, compared to sample D, plastic deformation on sample C is not severe and no large craters are observed. The other two SLM samples have exhibited similar behaviors, which are not shown. Some strips oriented in several directions are observed on the SLM samples which become obvious from 70 min of the erosion tests. Fig. 12 depicts those strips as observed after testing.
Cross-section observation
A cross-section of sample D after testing is shown in Fig. 13 . The depth of a crater is greater than 200 μm, indicating a very high erosion rate. Fig. 13b indicates vertical plastic deformation which is also found in a previous study [9] . Cracks initiating both from the surface (Fig. 13c ) and below the surface ( Fig. 13d ) are observed.
The cross-sections of the SLM samples are shown in Fig. 14. The surfaces of the SLM samples show mild damage in the cross section compared to that of sample D. The depth of the craters is less than 20 μm which is much less than that of sample D (Figs. 14 b, 14d, and 14f ). Some cracks are also observed on sample B. They are connected to pores. These cracks are formed because of the SLM process
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introduces thermal effects, as reported by Gu et al. [28] , Yap et al. [29] , and Uriondo et al. [16] . 
Discussion
Comparison between the SLM and the wrought samples
During SLM process, the laser focuses on a very small spot (50 μm in diameter). Thus, the temperature at the spot can be extremely high. On the other hand, the laser spot moves at a very high speed (from several hundred to several thousand mm/s) causing temperature to cool down rapidly. According to the FEM simulation, the temperature at the spot can be above 2000 °C while the temperature of the substrate which is only 1 mm away from the spot is only approximately 100 °C [30] . It causes very sharp temperature gradients and the materials undergo a rapid heating and cooling process leading to very fine and uniform grains, which is characterized by the SLM progress.
As shown in Fig. 4 , SLM processed AlSi10Mg has a very fine microstructure, which renders the built component very hard. Kempen et al. [19] also reported that a SLM AlSi10Mg part had higher ultimate tensile strength and better elongation than a high pressure die casting part. These good mechanical
properties are attributed to the high cavitation erosion resistance of the SLM AlSi10Mg parts. The SLM samples suffer from much less plastic deformation than the wrought sample.
Comparison among the SLM samples processed by different scanning speeds
The laser scanning speed is a very important parameter which decides the amount of the laser energy distributed to the materials. A low laser scanning speed indicates the laser energy input per unit time is increased, leading to a high melting temperature. It results in a large amount of powders becoming liquid and a long liquid lifetime. It further causes a considerably low liquid viscosity and resultant elevated thermal stresses which leads to the interruption of liquid film [31, 32] . Therefore, pores and cracks are formed causing low density (e.g. sample B). On the other hand, the sample C processed by a high scanning speed also has a low density and many pores. Under such condition, the instability of the molten liquid is enhanced due to Marangoni convection leading to the spheroidization of the liquid within the molten pool ("balling" phenomenon). Balling effect results in the formation of discontinuous scan tracks and pores [26] . Therefore, it is difficult to fully densify the sample.
The optimization of the laser processing parameters, such as scanning speed, laser power, layer thickness, scanning strategy, and so on, is very difficult. According to the density measurement shown in During the cavitation erosion process, all SLM samples have very high mass loss in the beginning due to the removal of unmelted particles inside pores (shown in Fig. 11 ). Therefore, a sample with many pores is prone to suffer from the removal of particles which leads to a high mass loss. The cumulative mass loss shown in Fig. 7 is in accordance with such manner. The sample A with the highest density shows the lowest mass loss while the sample B with the lowest density shows the highest mass loss in the beginning of the erosion. During the steady-state period, the mass loss rate is independent of pores thus three samples have very close mass loss rates. In this period, the mass loss is irrelevant to the laser scanning speeds.
As a result, a sample processed by too high or too low scanning speeds tends to have many pores, which increase the mass loss in the beginning of the erosion tests. Reducing the number of pores and increasing the density of SLM parts is crucial since it can increase the erosion resistant particularly in the beginning of the erosion tests. Some strips were observed on the SLM samples From Fig. 15 , these strips are the laser scanning tracks on different layers of powder. In order to produce a good connection between each layer, every layer was scanned with the tracks rotated over 67° to the previous layer. A closer observation is made by CLSM using 100 × magnitude, as shown in Fig. 16 . The boundary of the scanning tracks shows large grains, which is known as the heat affected zone (HAZ). The formation of HAZ is due to the re-melting of the previous scanned track, as reported by other researchers [17, 33] . Fig. 17 shows the eroded SLM surface. Results have shown that the surface topography in the HAZ becomes rougher than the other regions. According to the nano-hardness measurements shown in Fig. 18 , there is no detectable difference between HAZ and fine grain zones (FZ). This suggests that the rough surface topography in the HAZ is probably due to the large spaces between grains in the HAZ (Fig. 16 ). These spaces are more likely to be plastically deformed. This matter requires further study.
The influence of HAZ in the SLM samples
Conclusions
The cavitation erosion behaviors of SLM processed AlSi10Mg parts with different laser scanning speeds were studied using ASTM G134 test set-up. Microstructures, hardness, and surface topography were examined. Cavitation erosion results were here presented and discussed. The study allows the following conclusions to be drawn:
• SLM samples have pores that cause reduced density. However, they also have a very fine cellular-dendritic structure, which leads to high hardness.
• The cavitation erosion rate of the SLM samples peaked at a very high level at first and then decreased significantly. The process was accompanied by the removal of particles in the pores.
•
The erosion rate of the SLM samples was extremely low in the steady-state period, which was one tenth of that of the wrought sample. Moreover, the SLM samples undergo less plastic deformation than the wrought sample. High hardness and fine microstructure are attributed to the high erosion resistance of the SLM parts.
• Laser scanning speeds affect the sample density and the number of pores which further influence the maximum erosion rate.
